Left ventricular function during sustained isometric handgrip exercise was studied at the time of cardiac catheterization in 8 normal subjects and 26 patients with heart disease. Both groups showed increases in heart rate, aortic mean blood pressure, and cardiac minute output with no change in systemic vascular resistance.
(74 ±6 to I09± 5 sec -1, + 47%, P< O OI) and to a lesser extent in the patients with heart disease (59 ± 8 to 82+I2 sec + 39%,3 P< o.oi) in response to isometric exercise. Similarly, maximum left ventricular dp/dt increased in both normals (i88i + I63 to 2408+ I29 mmHg/sec, P< o oi) and patients with heart disease (I540 ± I40 to 1976 24I mmHg/sec, P < o oi).
These observations suggest that the normal physiological response to isometric exertion includes a major increase in left ventricular myocardial contractility. For the normal heart, this increase appears sufficient to account completely for the increased ventricular performance associated with handgrip exercise. For the diseased heart, increased ventricular performance induced by handgrip appears also to be mediated by increased contractility, but in addition by varying degrees of reliance upon the Frank-Starling mechanism, depending upon the adequacy of inotropic (ccntractility) reserve to meet the stress imposed by isometric exercise.
In studies of the circulatory response to exercise, attention has been largely directed towards understanding the effects of dynamic exercise (Dexter et al., I95I) . Recently, however, interest has focused on the cardiovascular effects of sustained voluntary muscle contraction, commonly termed isometric
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2 A preliminary report was presented at the annual meeting of the American Heart Association in Anaheim, California, io November I97I. exercise, in both normal man and in patients with heart disease (Donald et al., I967; Lind, 1970) . Lind and his colleagues (I964) and Lind (1970) have reported that sustained isometric contraction of the flexor muscles of the forearm elicits a cardiovascular reflex consisting of increases in heart rate, arterial blood pressure, and cardiac output. The resultant stress on cardiac performance has been utilized by several groups (Helfant, de 
Methods
The cardiovascular response to isometric handgrip was evaluated in 34 patients undergoing routine diagnostic cardiac catheterization.
Eight patients (Table i) were found to be essentially normal at the time of cardiac catheterization. The indications for catheterization in these patients included chest pain of uncertain aetiology in 5 patients (coronary arteriography showed no abnormality); suspected congenital aortic stenosis (not found) in i patient, and suspected left heart failure (not found) in 2 patients with chronic lung disease.
Twenty-six patients were found to have various types of heart disease, and characteristics of individual patients in this group are summarized in Table 2 Bowen, and Hefner, I969) have cast doubt upon the reported in this study are larger than the true values. applicability of this equation to heart muscle. No series The intent of this part of the study was to examine chanelastic constant (K) was used (that is, K was arbitrarily ges (rather than absolute values) in systolic time intervals set equal to i) since the value of K is unknown in man, during isometric exercise. and values of Vmax are correspondingly reported in Pressure and output data were analysed in terms of a sec-', rather than muscle lengths/sec. ventricular function plot with stroke work plotted on Systolic time intervals, in particular the ratio of the the ordinate against left ventricular end-diastolic prespre-ejection period to the left ventricular ejection time sure on the abscissa in IO patients.
(PEP/LVET), were studied in 8 patients using direct Data were analysed using the t-test for paired data, measurements from aortic and left ventricular pressure and differences with P < o os were considered significant. tracings, and lead II of the electrocardiogram. The preejection period was taken as the time from the onset of the QRS complex of the electrocardiogram to the upstroke Results of the aortic pressure tracing. Left ventricular ejection time was taken from aortic pressure tracings as the time HaemodYlaflcs from onset of upstroke to the dicrotic notch. Pre-ejection A. Normal subjects Eight patients were found period as measured by this technique was not corrected to be essentially normal' at the time of cardiac for catheter delay time, and therefore the absolute values for pre-ejection time to left ventricular ejection time as 1 See Methods for details. 46   34  23  49  F  ,,  , catheterization. In this group (Table i) aortic mean Patients with heart disease Twenty-six patients pressure increased in all patients (94 ± 3 mmHg to with various forms of heart disease were studied and I I9 ± 55 nmmHg, mean ± standard error, P < o-ooi), the results are presented in Table 2 . As can be seen, and heart rate increased in 7 of 8 (for the group of both aortic mean pressure and heart rate increased 8 patients, 79 ± 5 to 98±8 beats/min, P <ooi) in with isometric handgrip, and the increases were response to isometric handgrip. All were in normal quite similar in magnitude to those seen in the group sinus rhythm. Left ventricular end-diastolic pres-of normal patients. sure was unchanged (6-8 ± 0o9 to 7-5 ± IP2 mmHg,
In contrast to the responses observed in the nor-NS) with handgrip, while stroke work increased mal group, however, left ventricular filling pressure (8i±8-8 to I04±II gm, P<o-ooi), consistent rose significantly with handgrip in the group of 26 with a shift to a higher ventricular fimction curve. patients with heart disease (96 ±o9 mmHg to Systemic vascular resistance was essentially un-I5-5 ± i 6 mmHg, P < o-oi), as well as in the various changed (I6o6 ± I76 to I645 ± 260 dynes-sec-cm5, subdivisions of this group reported in Table 2 (5 NS) in the normal subjects during isometric hand-patients with coronary artery disease, io patients grip, while cardiac output (product of heart rate with mitral valve disease, 3 patients with aortic and stroke volume) increased (4+ ± 04 1./min to valve disease, 4 patients with mixed aortic and 6-4 ± 0o7 l./min, P = o0o2). mitral disease, and i patient each with cardiomyo- Finally, as with the normal group, systemic vascular resistance showed no overall change for the I0 patients with heart disease in whom it was measured (I882+ ii8 dynes-sec-cm 5 to 2054±215 dynessec-cm 5, NS), while cardiac output increased for the group of I0 patients from 4'1±0-3 1./min to 4.9 ± o-6 l./min. The increase in cardiac output was not statistically significant, reflecting the fact that in 2 patients (Cases i8 and 22, Table 2 ) with massive valvular regurgitation, effective or forward cardiac outputs fell in response to the exercise stress, while systemic vascular resistance rose.
Myocardial mechanics Both Vmax (using developed pressure) and maximum left ventricular dP/dt showed significant increases during isometric handgrip in normals, with Vmax rising from 74±6 sec-1 to I09±5 sec-1, P < o-oi, and dP/dt rising from i88i ± I63 mmHg/ sec to 2408 ± 129 mmHg/sec, P < Ooi. In patients with heart disease, increases in Vmax (59 ± 8 sec l1 to 82 ± I2 sec-l, P <ooi) and maximum left ventricular dP/dt (I540 ± I40 to I976 ± 24I, P < O-OI) were also seen, though the resting and peak values were of smaller magnitude than in the normal group. Pressure-velocity phase plots (with [dP/dt]/P on the ordinate against P on the abscissa, using developed pressure) shifted upwards and to the right during handgrip in both groups. An example of this for one of the normal subjects is shown in Fig. i (Fig. 2) . The 7 normal subjects showed a large increase in stroke work without any significant increase in left ventricular filling pressure, suggesting an increase in myocardial contractility. In contrast, patients with heart disease (shown individually in Fig. 2) showed a highly variable response to isometric handgrip, suggesting movement either on the ascending portion, plateau segment, or descending limb of the ventricular function curve. It should be emphasized that the patients Table 2. with heart disease represent a mixed group, having varying degrees of impaired left ventricular function depending on the nature and severity oftheir specific type of heart disease (cf. Table 2 ).
Systolic time intervals
The PEP/LVET ratio, proposed by Weissler, Harris, and Schoenfeld (I969) as an inverse index of myocardial performance, decreased during handgrip in both normal subjects in whom it was measured (Table I) , consistent with an increase in left ventricular myocardial contractility. In the patients with heart disease (Table 2) PEP/LVET decreased in 4 patients to a similar extent as seen in the normal subjects, but in 2 patients with severe mixed aortic and mitral regurgitation, PEP/LVET increased during handgrip. Concomitant studies of myocardial mechanics in one of these two patients (Case 22) showed no increase in Vmax (developed pressure), and this was the only patient we have studied in whom Vmax failed to increase with handgrip. These data are consistent with the hypothesis that PEP/ LVET normally decreases in response to isometric group.bmj.com on July 8, 2017 -Published by http://heart.bmj.com/ Downloaded from handgrip exercise, except in patients who lack inotropic reserve.
Discussion
The observations of this study suggest the hypothesis that the normal cardiovascular response to isometric exertion includes a major increase in left ventricular myocardial contractility. Consistent with this hypothesis are the findings that during isometric exercise (a) Vmax (developed pressure) and pressure-velocity curves obtained from left ventricular pressure tracings consistently show changes indicative of an increase in myocardial contractility; (b) increases in cardiac output and stroke work occur, in normals at least, without any increase in left ventricular filling pressure, suggesting a shift to a higher contractile state, and (c) increases in aortic pressure appear to be accomplished in normals and most patients with heart disease by an increase in cardiac output, with no significant change in systemic vascular resistance. This hypothesis is consistent with data previously presented by ourselves (Saltz et al., I97I) and others (Krayenbuehl et al., 1972; Siegel et al., I972) .
The mechanisms by which this augmentation in the contractile state of the left ventricular myocardium might occur are unclear at the present time. Increases in heart rate alone may have a positive inotropic effect, but Case 8 (Table i) and Cases I7, 2I, and 33 (Table 2) showed definite increases in Vmax (developed pressure) without significant change in heart rate, implying the operation of some other factor. Recently Freyschuss (I97oa, b) has examined the role of autonomic reflex mechanisms in the blood pressure and heart rate responses to brief (3-8 seconds) periods of isometric exercise. Those studies suggested that withdrawal of vagal tone was implicated rather than an increase in sympathetic drive after the onset of isometric exercise. Whether the same physiological mechanisms apply to the blood pressure, heart rate, and left ventricular contractility alterations observed with the sustained (3 minutes) isometric exercise examined in the present study, must await further investigation.
The physiological response to isometric exercise in patients with heart disease was similar in several respects to the response seen in normals. Both groups showed significant increases in heart rate and aortic mean pressure, and similar directional changes (though of lesser magnitude) in cardiac output and Vmax. For both groups there was no significant change in systemic vascular resistance. However, it is important to note certain instructive differences between the two groups. First, though stroke work increased in normal subjects and in most patients with heart disease, this increase was associated with a significant rise in left ventricular filling pressure only for the heart disease group. The performance of increased stroke work without an increase of left ventricular filling pressure by the normal heart defines an increase in ventricular function accomplished by calling on inotropic (contractility) reserve, without using the Frank-Starling mechanism. In order to accomplish this same increase in ventricular performance, patients with heart disease also called upon their inotropic reserve (as evidenced by increases in Vmax), but in addition used the FrankStarling mechanism to a varying extent, depending on the adequacy of inotropic reserve to meet the stress imposed by isometric exercise. Though this explanation seems to explain best the stroke workventricular filling pressure relation observed in the present study, it should be pointed out that a change in diastolic compliance of the left ventricle somehow induced by isometric exercise could explain these observations equally well. We have not examined this possibility experimentally, and therefore cannot comment upon it further.
The observation that systemic vascular resistance showed no overall change in response to isometric exercise either for the normal subjects or the patients with heart disease confirms the findings of Donald et al. (I967) , and suggests that the consistent increases noted in aortic blood pressure in response to isometric exercise are secondary to increases in cardiac minute output. While the augmented minute output may reflect a composite of influences, it seems probable that increased left ventricular myocardial contractility is playing a major role.
Alterations in systolic time intervals observed during isometric exercise in the present study were consistent with the proposed physiological mechanism of increased inotropic drive. Weissler et al. (I969) have proposed the PEP/LVET ratio as an index of left ventricular myocardial performance and have noted that congestive heart failure is, in general, associated with an increase in PEP/LVET, while administration of positive inotropic agents such as isoprenaline or the digitalis glycosides results in a fall in PEP/LVET. In the present study PEP/LVET fell in response to handgrip in both normal subjects and in 4 out of 6 patients with heart disease in whom it was measured. The small number of observations here precluded speculation about the usefulness of PEP/LVET measurements during handgrip in detecting patients with diminished myocardial reserve. It should be noted that the preejection period in our study was uncorrected for catheter delay, so that absolute or true values for it and for PEP/LVET would be lower than measured, though directional changes and their magnitudes should be unaffected since the same catheter delay characterized both resting and exercise measurements.
One clinical implication of this study is the possible danger of isometric exercise for patients with coronary heart disease. Though not measured in our patients, it can be predicted that myocardial oxygen consumption increased greatly in response to handgrip, since each of its prime determinants (namely inotropic state, heart rate, and aortic pressure) was increased. A major increase in myocardial oxygen demand in association with the limited potential for increasing coronary flow seen in patients with coronary atherosclerosis should predispose to ischaemia, and may account for the increased incidence of ventricular arrhythmias with isometric handgrip reported by Atkins et al. (197I) 
